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ABSTRACT Electrophoretic velocity and orientation have been used to study the electric-field-induced trapping of super-
coiled and relaxed circular DNA (2926 and 5386 bp) in polyacrylamide gels (5% T, 3.3% C) at 7.5–22.5 V/cm, using as controls
linear molecules of either the same contour length or the same radius of gyration. The circle-specific trapping is reversible.
From the duration of the reverse pulse needed to detrap the molecules, the average trap depth is estimated to be 90 Å, which
is consistent with the molecular charge and the field strengths needed to keep molecules trapped. Trapped circles exhibit a
strong field alignment compared to the linear form, and there is a good correlation between the enhanced field alignment for
the circles and the onset of trapping in both constant and pulsed fields. The circles do not exhibit the orientation overshoot
response to a field pulse seen with linear DNA, and the rate of orientation growth scales as E2  0.1 with the field, as opposed
to E1.1  0.1 for the linear form. These results show that the linear form migrates by cyclic reptation, whereas the circles most
likely are trapped by impalement on gel fibers. This proposal is supported by very similar velocity and orientation behavior of
circular DNA in agarose gels, where impalement has been deemed more likely because of stiffer gel fibers. The trapping
efficiency is sensitive to DNA topology, as expected for impalement. In polyacrylamide the supercoiled form (superhelical
density   0.05) has a two- to fourfold lower probability of trapping than the corresponding relaxed species, whereas in
agarose gels the supercoiled form is not trapped at all. These results are consistent with existing data on the average holes
in the plectonemic supercoiled structures and the fiber thicknesses in the two gel types. On the basis of the topology effect,
it is argued that impalement during pulsed-field electrophoresis in polyacrylamide gels may be useful for the separation of
more intricate DNA structures such as knots. The results also indicate that linear dichroism on field-aligned molecules can be
used to measure the supercoiling angle, if relaxed DNA circles are used as controls for the global degree of orientation.
INTRODUCTION
Gel electrophoresis is increasingly used to study nonlinear
DNA structures such as circular (Kahn et al., 1994),
branched (Lilley and Clegg, 1993; Seeman and Kallenbach,
1994), bent (Crothers and Drak, 1992; Niederweis et al.,
1994), knotted (Du et al., 1995), and cube-shaped (Chen and
Seeman, 1991) DNA. In all of these studies, polyacrylamide
gels were used as the separation matrix. Compared to aga-
rose gels (see Norde´n et al., 1991; Zimm and Levene, 1992;
Åkerman, 1996a; for reviews) few mechanistic studies have
been performed on DNA migration in polyacrylamide gels
(Åkerman et al., 1985; Jonsson et al., 1988; Calladine et al.,
1991; Sturm et al., 1996). In view of the increasing impor-
tance of electrophoretic analysis of nonlinear DNA struc-
tures in polyacrylamide, we are currently undertaking stud-
ies of the migration dynamics of circular double-stranded
DNA in this gel, using linear DNA of the same size as a
reference. Both nicked and supercoiled circles are being
studied, to introduce some degree of molecular complexity
reminiscent of the more intricate DNA structures. It should
be noted that the relaxed circles we use are nicked as
opposed to covalently closed. Hagerman and co-workers
(Mills et al., 1994) have shown, however, that whereas
removal of one base increases the flexibility of (linear)
DNA substantially, a nick has very little effect, as moni-
tored by electrophoresis in polyacrylamide gels of a com-
position similar to that used in the present work.
Here we present results on circle-specific traps in the
polyacrylamide gel, which exhibits a preference for a re-
laxed DNA topology. In the strong electrophoretic fields
studied here, the trapping dominates the circle behavior in
polyacrylamide gels. In weaker fields (Åkerman, manu-
script submitted for publication) the migration is a complex
mixture of such trapping and transport involving an unex-
pected orientation of the DNA chains perpendicular to the
field direction.
MATERIALS AND METHODS
DNA and gel samples
All experiments were performed in TBE buffer (50 mM Tris, 50 mM
borate, 1.25 mM EDTA, pH 8.2) at 20°C. Polyacrylamide (Biorad) gels
were 5% T and 3.3% C. Agarose gels (Biorad, DNA grade) were 1%.
Supercoiled and nicked forms of X174 DNA (5386 bp) were from New
England Biolabs, and those of pIBI30 DNA (2926 bp) from IBI. The
pIBI30 was linearized with EcoRI restriction endonuclease, and linear
fragments 1353 bp in length were from a HaeIII digest of X174 (Phar-
macia). The supercoiled samples contained 5% nicked circles, the nicked
samples 10% linear DNA. Col1 plasmid DNA (10,900 bp) was from
Sigma, and contained 60% supercoil and 40% nicked circles. DNA con-
centrations in nucleotides are from absorption at 260 nm, using an extinc-
tion coefficient of 6600 M1 cm1.
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The degree of supercoiling was estimated by an ethidium bromide (EB)
unwinding assay in agarose gels (Poddar and Maniloff, 1984), in which the
binding ratio is controlled by the EB concentration in the electrophoresis
buffer. The mobility of the supercoiled form was equal to that of the nicked
species at an EB binding ratio of 0.035 drug molecules per base for pIBI
and 0.040 for X174, the latter in good agreement with earlier results
obtained with other techniques (Waring, 1970). These values correspond to
14.6 and 31.2 negative superhelical turns per molecule, respectively, if an
EB unwinding angle of 26° is assumed (Keller, 1975), or to superhelical
densities  (Vologodskii and Cozzarelli, 1994) of 0.053 and 0.061,
respectively, assuming 10.5 bp per turn of DNA helix.
All experiments have been performed on native DNA, without ethidium
bromide staining. Table 1 shows the calculated radii of gyration (Bloom-
field et al., 1974) of the linear and relaxed circular forms of the employed
DNA sizes. At the present degrees of supercoiling, the radius of gyration
of the supercoiled forms can be expected to be 20% lower than for the
nicked circle (Vologodskii and Cozzarelli, 1994). The nicked pIBI circles
could thus be compared with linear molecules of either the same contour
length (pIBI) or half the contour length, but approximately the same radius
of gyration (1353 bp), and the X174 circles with linear molecules of the
same radius of gyration and approximately half the contour length (pIBI).
Velocity
Slab gels 2 mm thick were run in submarine mode and stained with
ethidium bromide. Field strengths were as measured in the gel, and tem-
perature was maintained at 20  1°C by extensive circulation of the buffer
through a heat exchanger in a water bath. In velocity experiments a sharp
(1 mm wide) starting zone 2 mm into the gel was obtained by a 5-min
prerun with field inversion gel electrophoresis (T  1 s, T  0.1 s) at
22.5 V/cm. For each experiment two identical gels (containing the same
amount of linear, circular, and supercoiled DNA) were run in parallel in the
same electrophoresis cell, to ensure identical electrophoresis conditions for
the two gels. One of the gels was removed after the introductory field
inversion gel electrophoresis (FIGE) step, and stained separately with
ethidium bromide. This gel was used to determine the starting position of
the DNA for the velocity experiment, which was performed in the un-
stained second gel to have the DNA in the native state. In a few control
experiments both gels were removed after the FIGE step and stained. The
position of the DNA was identical in the two gels, confirming that the first
gel can be used for determining the starting position.
The presented electrophoretic velocities were calculated as the distance
migrated in the gel relative to this starting position, divided by the effective
running time, Teff. In constant field (CF) electrophoresis Teff was equal to
the actual running time Trun, whereas in FIGE, Teff  Trun (T  T)/
(T  T).
Linear dichroism
Gels in a vertical cell were prepared, and linear dichroism (LD) was
measured, as described in detail earlier (Jonsson et al., 1988). The (non-
stained) DNA is introduced as a zone into the measuring position in the gel,
by using FIGE, which separates linear and circular DNA, which ensures
that measurements are performed on topologically pure samples. Each
DNA type (size and topology) was studied in at least two different and
freshly prepared gels.
LD (Norde´n et al., 1991) is the difference in absorption of light
plane-polarized parallel (A) and perpendicular (A) to the direction of the
electric field:
LD A A (1)
LD can be used to measure the average degree of DNA-helix orientation in
terms of an orientation factor S, which is related to the angle  between the
helix axis and the field direction:
S 	3 cos2  1
/2 (2)
If the preferred helix alignment is along the electric field, S is positive,
whereas a negative S indicates a net orientation perpendicular to the field
(Norde´n et al., 1991). S is equal to 1 if all molecules are perfectly aligned
with the field (  0°); if the helix axis orientation is random, S  0; and
if S  1⁄2, all molecules are oriented with their helix axis perpendicular
to the field direction (  90°). S is obtained by dividing the LD by the
isotropic absorption (Aiso) of the sample when the DNA molecules are
randomly oriented (absence of field) (Norde´n et al., 1991):
LD/Aiso1.48S (3)
The negative sign of the so-called optical factor, 1.48 in Eq. 3, reflects
the nearly perpendicular orientation of the transition moments with respect
to the DNA helix axis in B-DNA (Norde´n et al., 1992), which is the
secondary structure DNA attains in polyacrylamide gels (Åkerman et al.,
1985).
Rather long pulses are required to obtain a steady-state LD signal for the
circles (see Results), and this caused the concern that electrophoretic
transport may change the concentration of DNA at the measuring position,
which would contribute to the measured LD time profile through Aiso in Eq.
3. Measurements of Aiso (at 260 nm in the absence of field) before and after
field pulses, using the same beam configuration as in LD, was therefore
used to confirm that there was no detectable change in DNA concentration
during the pulses. The LD time traces from the Jasco 500 instrument were
recorded with a Nicolet digital oscilloscope for averaging (4–10 traces per
measuring condition) and for further analysis by computer. All kinetic data
have been checked for potential artefacts from limitations in the sampling
frequency or the JASCO instrument time constant.
RESULTS AND DISCUSSION
Velocity measurements
The electrophoretic velocity shows distinct differences be-
tween circular and linear DNA molecules in polyacrylamide
gels. Fig. 1 shows the result of a velocity experiment with
X174 DNA at 22.5 V/cm at three different DNA concen-
trations. The gel in Fig. 1 a was removed from the electro-
phoresis cell after the prerun with field inversion gel elec-
trophoresis, to determine the starting position of the DNA
zones. At all three concentrations, the supercoiled and
nicked starting positions are 2 mm into the gel from the
wells. The linear form is seen as a minor component in the
nicked sample, and its starting position is less than 0.5 mm
further downfield compared to that of the circular forms.
The gel in Fig. 1 b (which includes a fourth intermediate
DNA concentration) shows the zone positions after an ad-
ditional 60 min of constant field electrophoresis. For the
nicked circle, the zone remains at the starting position at all
DNA concentrations. A majority of the loaded supercoiled
DNA is also found at the starting position, but a rapidly
fading smear extends 3–4 mm downfield from the starting
position. In contrast, the linear molecules form a narrow
TABLE 1 Radii of gyration (Å) of the used DNA*
RG (Å) X174 pIBI 1353 bp
Linear 1700 1200 750
Nicked circle 1200 840 Not studied
*Calculated from wormlike chain model with persistence length 500 Å and
without excluded volume effects.
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zone well beyond the starting position at all concentrations.
(The velocity of the linear form increases slightly with
increasing DNA concentration, but the mechanism behind
this effect has not been investigated here.)
The results of Fig. 1 indicate that at 22.5 V/cm the circles
come to full arrest by being trapped at the starting position.
This was confirmed by repeating the experiment with six
identically loaded gels (including one control for starting
position) and removing the gels after different durations of
the constant field electrophoresis at 22.5 V/cm. When zone
position is plotted versus time (open symbols in Fig. 2), the
linear form exhibits a constant velocity, reflecting normal
migration. In contrast, the zones of both circular forms
remained at the positions at which they had arrived after the
5-min prerun by FIGE. No further migration was detected,
even after several hours of electrophoresis.
To our knowledge, this is the first report of circle-specific
trapping in polyacrylamide gels. In one of the compara-
tively few systematic studies of electrophoretic migration of
circular DNA in polyacrylamide gels, Harley et al. (1973)
showed that SV40 DNA (4000 bp) migrates with low and
strongly decreasing mobility in 2–3.5% polyacrylamide gels
at 14 V/cm, but full arrest was not observed. Broad zones
was found by Bishop et al. (1967) for double-stranded
X174 in 2.4% gels at 5.5 V/cm, but again no arrest was
reported. The arrest observed here is for larger DNA, higher
field, and/or denser gel, of which at least the first two
factors are shown here to promote trapping.
The present study focuses on how the topological state of
the circles affects the trapping behavior. Both supercoiled
and nicked circles are trapped, but there are differences
(Fig. 1). The somewhat extended trapping zones formed by
the supercoiled species suggest that they are less efficiently
trapped than the nicked form, which was immobilized at the
starting position (i.e., the width of the trapped zone was the
same as that of the starting zone within the experimental
resolution). It is important to note that there was no signif-
icant difference in the distribution (i.e., relative fluores-
cence intensity) of the trapped molecules when the DNA
concentration was increased by eightfold, from 40 M to
320 M. Therefore, at least in this DNA concentration
range, the extended zone shape for the supercoiled species
is not an effect of lack of trapping sites, but reflects a
difference compared to the nicked circles that is inherent to
the trapping of individual molecules.
In field inversion gel electrophoresis with a 1-s forward
pulse time and a 0.1-s backward pulse time, both types of
circles migrate as narrow zones (Fig. 3), as does the linear
DNA. The velocity is constant as a function of time (Fig. 2,
solid symbols), reflecting normal migration for times that
are long compared to the trapping time of the circles in a
constant field. Furthermore, when such pulsed fields are
applied after the molecules have been trapped by a constant
field (22.5 V/cm), both circular forms migrated normally
FIGURE 1 Electrophoretic trapping of nicked (Re) and supercoiled (Sc) circularX174 DNA (5386 bp) in polyacrylamide gel in a constant electric field.
The linear form (Lin) is present as a minor component in the nicked sample. (a) Position of zones after prerun with FIGE for 5 min (see Materials and
Methods). DNA concentrations in pairs of lanes from left to right: 40 M, 160 M, and 320 M. (b) Position of zones after constant field electrophoresis
(22.5 V/cm) for 1 h. DNA concentrations in pairs of lanes from left to right: 320 M, 160 M, 60 M, and 40 M. W is the position of the wells.
FIGURE 2 Migrated distance in polyacrylamide gel versus time for
linear (Lin), relaxed (Re), and supercoiled (Sc) X174 DNA in constant
field (open symbols) and field inversion gel electrophoresis (FIGE) (T 
1 s, T  0.1 s; closed symbols). Uncertainty is less than the size of the
symbols.
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(not shown). This observation is important, because it
shows that a backward pulse can detrap the molecules and
thus that the field-induced arrest is reversible. In pulsed
fields the velocities of both circles were lower than for the
linear form, and under the present pulsing conditions the
supercoiled species exhibited a slightly lower velocity than
the relaxed form (Fig. 2, solid symbols). The difference in
velocity between the topological forms was dependent on
pulsing conditions, however.
Both the circles migrate if the forward pulse is short
enough, and the backward pulse long enough. With a fixed
forward pulse duration of T  1 s, the effect of the
duration of the backward pulse (T  T) (Fig. 4 a) is quite
distinct and very similar for the two topological forms.
Below a critical backward pulse duration of Tc  5 ms
(including the CF case), the molecules are immobilized.
When T is longer than Tc, the molecules move (as a sharp
zone), and for T  50 ms the velocity is essentially
constant (at the level reported in Fig. 2).
Stronger topological effects were observed if the forward
pulse time instead was varied (T  T), with the backward
pulse time being held constant (Fig. 4 b). The value T 
100 ms was chosen because it is long enough to allow
migration, according to Fig. 4 a. For short forward pulses
there is an approximate velocity plateau that is similar for
the two forms, and equal to that observed for long enough
backward pulses in Fig. 4 a. From this level the velocity
decreases only gradually (compared to the effect of the
reverse pulse) to zero as the forward pulses are made longer,
and in a manner that depends on topology. It occurs between
1 and 100 s for the relaxed form, and later for the super-
coiled form, approximately between 10 and 1000 s. This
pattern, including the topology effect, is retained if the (still
fixed) T is increased to 200 ms (not shown), which also
allows migration according to Fig. 4 a.
It is important to note that the velocity only starts to
decrease if the forward pulses are longer than 0.5 s. The
value T  1 s was therefore used in Fig. 4 a, so that the
molecules start to become hooked during the forward pulse.
In this way the possibility of migration in the experiments
with constant T will depend on the backward pulse being
long enough to detrap the molecules during each cycle. For
shorter reverse pulses, more and more molecules become
trapped for every forward pulse, and migration ceases.
This interpretation is strongly supported by measure-
ments of the electrophoretic orientation of the DNA, a
phenomenon that turns out to be as important for explaining
the behavior of circular DNA as it has been for understand-
ing the migration of linear DNA in gels (Åkerman, 1996a).
Electrophoretic orientation in constant fields
Fig. 5 a shows the orientation responses S(t) of nicked
circular pIBI DNA (“Re”) to a pulse of constant electric
field of 22.5 V/cm, which is compared with the response of
linear DNA of two sizes, either of the same contour length
(“Lin”) or of the same radius of gyration (“Lin/2”) as the
circular form. The orientation factor S was calculated from
the LD response at 260 nm, using Eq. 3. Importantly no LD
responses were observed at a wavelength of 300 nm, where
DNA does not absorb light but the gel does, or at 260 nm in
a DNA-free gel (not shown). This shows that there is no
detectable gel orientation under these conditions, which
FIGURE 3 Electrophoretic migration in FIGE (T  1 s, T  0.1 s) of
X174 DNA in polyacrylamide gel. Five gels were loaded with 10 l of
40 M supercoiled (Sc) and nicked (Re) DNA, and were subjected to (from
right to left) 5, 15, 30, 45, and 60 min of electrophoresis. W is the position
of the wells.
FIGURE 4 FIGE velocity in polyacrylamide gel of relaxed (Re) and
supercoiled (Sc) X174 DNA as a function (a) of backward pulse time T
at a constant forward pulse time T  1 s, and (b) of forward pulse time
T at a constant backward pulse time T  100 ms.
FIGURE 5 (a) LD response (260 nm) to field pulse (22.5 V/cm) of
nicked circular (Re) and linear (L) pIBI30 DNA (2926 bp), and of linear
1353 bp DNA (Lin/2) in polyacrylamide gel. The field was applied at time
0 and turned off after 185 s (Re) or 50 s (Lin, Lin/2). (b) Initial part of the
response at higher time resolution.
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otherwise would have contributed to the 260-nm signal
(Jonsson et al., 1988). The LD profile measured at 260 nm
thus reflects changes in DNA orientation S with time.
Both the circular and linear forms orient with the helix
axis preferentially parallel to the direction of migration (S
0), confirming earlier results in the case of linear DNA
(Jonsson et al., 1988). This direction of orientation is ex-
pected, because it is along the force of the electric field, but
is not self-evident. Indeed, at low fields the circular DNA
molecules orient perpendicular to the field direction (Åker-
man, manuscript submitted for publication). Here we focus
on the strong-field regime, where the direction of orienta-
tion is the same for the linear and circular forms, but where
the circles differ in other aspects of the orientation.
The most prominent difference is that the rate of orien-
tation growth is several orders of magnitude lower for the
circles than for the corresponding linear form (Fig. 5 a),
except for a fast component (rise time 15 ms), which is
seen by increasing the time resolution (Fig. 5 b). Second,
circles do not exhibit the orientation overshoot that is seen
after 60 ms with the linear form (Fig. 5 b). Finally, the
degree of orientation of the circles is higher than for the
linear form, especially because the relevant comparison is
rather with the linear form with half the contour length
(1353 bp) of the circle (“Lin/2” in Fig. 5 a): for linear DNA
the degree of electrophoretic orientation in polyacrylamide
increases approximately linearly with molecular length
(Jonnson et al., 1988), so a linear molecule of half the
contour length can be expected to have the same effective
length for migration as the circle. (A similar effective size
for the circular form has been observed by Stellwagen
(1988) during orientation in gels caused by stronger fields.)
From Fig. 5 a it is seen that the 1353-bp fragment exhibits
a considerably lower orientation (Fig. 5 a) than the pIBI
circle.
These three differences between circular and linear DNA
are even more accentuated for the larger X174 species
(Fig. 6), where at 22.5 V/cm the nicked X174 circle is
10 times more strongly oriented than its approximate
linear half (i.e., pIBI, or “Lin” in Fig. 5 a). In addition, Fig.
6 shows two other important observations regarding the
electrophoretic orientation of circular DNA in polyacryl-
amide gels, which will be further analyzed below. The rate
of orientation growth increases strongly with increasing
field. Second, DNA topology is seen to affect both the rate
and degree of orientation, because the supercoiled species
orients more slowly than the relaxed form, and (at 22.5
V/cm) attains a lower degree of steady-state orientation.
The presence of an overshoot (Fig. 5 b) means that the
linear form most probably undergoes a cyclic migration
similar to the one that occurs for linear DNA in agarose
gels, in which the oscillatory orientation response is caused
by transient and repetitive hooking of the DNA chain
around gel fibers (Larsson and Åkerman, 1995). Circles are
probably not oriented by such transient hooking, because
they do not exhibit an overshoot (Fig. 5 b). Still, some kind
of interaction with the gel matrix is required, because, in
fact, at these low electrophoretic fields the magnitude of the
orientation S is too high for a dipole mechanism (Ding et al.,
1972) already for the linear form.
For X174 the build-up of circle orientation (Fig. 6)
occurs in the same time range of tens to hundreds of
seconds, in which the forward pulse times lead to reduced
velocity in FIGE (Fig. 4 b). Furthermore, the effect of
topology is parallel between velocity and orientation build-
up, because in both cases the time range is longer for the
supercoiled form. From this correlation between increased
orientation and reduced velocity, it is concluded that the
orientation mechanism for the circles involves their immo-
bilization, and we propose anchoring through impalement
on protruding gel fibers (Fig. 7). This model for the trapping
explains why the orientation is along the force of the pulling
field (i.e., S  0 in Figs. 5 and 6) and predicts that the
orientation will be more efficient than for the corresponding
linear form (Figs. 5 and 6), because the circle anchoring is
not just transient. Indeed, permanent anchoring by impale-
ment would explain how the degree of orientation of the
X174 circles (Fig. 6) can approach those levels observed
for tethered (linear) DNA molecules, which also exhibit
considerably higher orientation than their migrating coun-
terparts (Åkerman, 1996b). Finally, impalement would ex-
plain the FIGE velocity results (Fig. 4), because backward
pulses that are long enough will lift the molecules off the
FIGURE 6 LD response (260 nm) to field pulse (of indicated strength)
of nicked (Re) and supercoiled (Sc) circular X174 DNA (5386 bp) in
polyacrylamide gel. The field was applied at time 0.
FIGURE 7 Proposed impalement traps for circular DNA. Idealized
structure of impaled nicked (a) and supercoiled plectonemic (b) molecules.
E is the direction of the electric field.
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hook and lead to nonzero velocity (Fig. 4 a). This will occur
unless the forward pulses are so long that molecules are
detrapped for durations that are negligible compared to the
time the molecules are impaled, in which case the net
migration will be zero, despite the fact that the backward
pulses are long enough for detrapping (Fig. 4 b).
The marked difference between circles and linear DNA
observed in both velocity and orientation is thus consistent
with an impalement model. The degree of orientation at a
certain instance then reflects the number of circles that have
been immobilized at that time, if it can be assumed that once
hooked, all molecules of a certain size orient to the same
degree at a certain field strength. Within this assumption,
the rate of orientation growth then will be a measure of the
probability per unit time of trapping, which can be expected
to depend on gel properties such as density and lengths of
trapping gel fibers, but also on DNA properties such as size
and velocity (i.e., field strength). Here we are particularly
interested in the differences in impalement efficiency be-
tween the two circle forms, as reflected in velocity (Figs. 1
and 4 b) and orientation (Fig. 6). It is important to note that
all LD studies were made at DNA concentrations at which
there are enough trapping sites (Fig. 1), so that the LD
build-up kinetics reflect the single-molecule probability of
becoming trapped.
The observation that the nicked form reaches a steady
orientation much faster than the supercoiled form (Fig. 6) is
important for understanding the difference in their trapping
behavior (Fig. 1), and the rise kinetics was therefore studied
in some detail. For both the supercoiled and nicked species,
the build-up is dominated by a single exponential (Fig. 8),
which represents 74% and 79% of the amplitude for the
relaxed and supercoiled species, respectively, at 22.5 V/cm.
The remaining 20–25% has a much faster rise time of less
than 1 s (Fig. 5 b) and represents an orientation component
related to the migration between obstacles (Åkerman,
manuscript submitted for publication), as opposed to the
trapping mechanism we focus on here. Furthermore, with
pIBI both circle types exhibit a single exponential growth
for the parallel component at long times (not shown), but the
amplitude is somewhat smaller, at 65% for supercoiled and
55% for nicked. Again, the supercoiled form orients more
slowly than the nicked circle, as was observed for X174.
The collected time constants (timp) of the dominating
build-up component are given in Fig. 9 a (X174) and
Table 2 (22.5 V/cm).
The orientation growth kinetics support the assumption
that circles are impaled. The fitted time constants for growth
decrease rapidly with increasing field strength (Fig. 9 a). In
fact, the power law timp  E2  0.1 (Fig. 9 a, inset) clearly
indicates an orientation mechanism different from pure
electrophoretic transport, which usually results in an expo-
nent of about1 (Åkerman, 1996a). The latter value simply
reflects the field dependence of the velocity, which is the
governing factor for the rate of molecular deformation (i.e.,
orientation) if it occurs through transport (Åkerman, 1996a).
For the linear form the orientation rate can be quantified by
the time tss needed to reach steady state (Åkerman et al.,
1989), which decreases with increasing field strength (Fig.
9 b), as can be expected from the increased electrical force.
In this case a value of 1.1 is observed for the slope (Fig.
9 b, inset), which is indeed close to the migration value, and
therefore is in accord with the reptation mechanism pro-
posed for the linear form. The exponent may, in fact, be
more negative than1, also for a migration mechanism due
to orientation effects (Åkerman, 1996a), but even with
degrees of orientation (S) considerably higher than those
observed here, the exponent only rises to 1.2  0.1
(Åkerman et al., 1989). Therefore migration alone cannot
give rise to the 2 scaling law observed for circles, which
supports the assumption that they are oriented by a nonmi-
grative mechanism, such as impalement.
FIGURE 8 Semilogarithmic plot of orientation growth for nicked (Re)
and supercoiled (Sc) X174 DNA. Data are from Fig. 6. Straight lines are
best fit to monoexponential growth at long times.
FIGURE 9 Time constants for orientation build-up versus field strength
in polyacrylamide gel. (a) Nicked (F) and supercoiled (f) circular X174
DNA. Uncertainties are smaller than the size of the symbols. timp is from
the slopes of fitted monoexponential growths in Fig. 8. (Inset) Double-
logarithmic plot, where linear regression gives the slopes 2.0  0.1 in
both cases. (b) Linear pIBI DNA. tss is the time needed to reach a steady
orientation level (cf. Fig. 5 b). (Inset) Double-logarithmic plot, where the
linear regression gives the slope 1.1  0.1.
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However, also for the impalement model transport effects
are expected to be involved in determining the trapping rate:
the higher the field, the faster the molecules will be search-
ing for traps in which to become impaled and oriented. A
contribution of approximately 1 to the E dependence of
the growth rate is thus expected from transport. In addition,
however, the trapping efficiency (and therefore the orienta-
tion growth rate) will depend on the concentration of suit-
able traps. The density of traps will increase with increasing
field, because a higher field means that a shorter gel fiber
suffices to overcome the potentially detrapping Brownian
motion. This increase in trap density will increase the prob-
ability of trapping per unit time, and hence contribute to the
E dependence of the orientation growth rate. A slope more
negative than 1 is thus expected with the impalement
model, but the actual value of the exponent will depend on
the details of the distribution of lengths of dangling gel
fibers.
Topology effects on probability of impalement
The fact that the slopes in Fig. 9 a (inset) are so similar for
supercoiled and nicked circles indicates that they are ori-
ented by the same mechanism. The difference in magnitude
of the time constants for a given molecular size (Table 1)
implies, however, that the impalement mechanism is less
efficient for the supercoiled circles. This proposal is further
supported by the observation that with the supercoiled spe-
cies, the net velocity decreases more slowly with increasing
forward pulse duration in FIGE (Fig. 4 b), and by the
broader zones of trapped DNA for the supercoiled form
(Fig. 1). These results show that on average, the supercoiled
molecules have to migrate for longer times and/or longer
distances to find a suitable trap. It is likely that the search
velocities are similar for the two topological forms, because
their plateau velocities in pulsed fields (Fig. 4, a and b) are
similar. The difference in impalement efficiency, therefore,
should not stem from the rate of finding traps, but rather the
probability of trapping being lower for the supercoil once a
trap has been located. The trapping force will be the same
for the two forms because they have identical electro-
phoretic charge, so the difference in trapping probability
must lie in the probability of entering the trap, rather than in
the capability of remaining in it. This is appealing in the
impalement model, because intuitively supercoiling should
reduce the size of the holes in the DNA coil that are
available for penetration by the gel fiber, and literature data
on supercoiling support this interpretation.
Supercoiled DNA molecules are overwound (plectone-
mic) rather than toroidal (Vologodskii and Cozzarelli,
1994). Cryoelectron microscopy has been used (Bednar et
al., 1994) to show that in a 2600-bp DNA with superhelical
density (  0.05), the average helix-helix distance (cen-
ter to center) is 10 nm and 2 nm, respectively, at two ionic
strengths (10 and 100 mM) that encompass the present one.
Because the idealized hole diameter in the corresponding
nicked circle is 280 nm, supercoiling indeed decreases the
total hole area available for impalement considerably. It
should still be possible however for a gel fiber to penetrate
some of the individual holes, because the fiber diameters in
polyacrylamide gels are only 2–4 Å (Hecht et al., 1985). A
lower but still finite impalement probability is thus expected
for the supercoiled form of both the pIBI and X174 DNA,
which have similar supercoiling densities.
Theoretically the impalement problem has not been
treated for a wormlike chain such as DNA. For a Gaussian
chain the effective cross section for impaling the coil of a
relaxed circular molecule on an infinitely thin rod is deter-
mined by the radius of gyration (Koniaris and Muthukumar,
1995). From this point of view it can be argued that the
supercoiled molecule will present a smaller cross-sectional
area for impalement than does the nicked circle, because its
radius of gyration is smaller (Vologodskii and Cozzarelli,
1994). Quantitative comparison is difficult, however, be-
cause the theory is for a phantom chain and thus includes
knotted conformations, which are not available to the real
chain.
An elegant and related approach for probing the structure
of supercoiled DNA is the catenation technique of Ryben-
kov et al. (1997). Linear DNA is circularized in the presence
of the supercoiled DNA, and the probability of catenation
reflects how open the supercoiled structure is to penetration
by the linear molecule. In this case the probe is itself a DNA
helix, which is a more well-characterized probe than the gel
fibers used in the present study. In the catenation experi-
ments, the effective hole size is governed by the electro-
static interactions between DNA segments (within the su-
percoil, but also between the probe DNA and the supercoil).
In view of their lower charge density, gel fibers are likely to
act more as steric probes, and gel impalement may therefore
be a method complementary to catenation in studies of
supercoil structure.
The effect of molecular weight on the build-up kinetics is
not clear cut, as judged by the data in Table 2. For the
supercoiled form, the larger DNA type is immobilized faster
than the smaller, whereas for the nicked form the size effect
is the opposite. These apparently contradicting trends
should not be surprising, because the molecular size will act
through both determinants of the rate of impalement. The
search velocity will most likely be lower for a larger mol-
ecule, but the density of effective traps, on the other hand,
will be higher, because shorter hooks suffice for a larger
molecule because it is impaled by a larger force. With a
possibly rather subtle balance between these effects, an
TABLE 2 Build-up time constant (s) for circle orientation at
22.5 V/cm*
timp (s) X174 pIBI
Supercoil 61 51.2
Nicked 17 38.6
*Obtained from slope of best linear fit in Fig. 8.
3146 Biophysical Journal Volume 74 June 1998
effect of supercoiling may be to change the size dependence
compared to that of the nicked circle.
LD measurements of supercoiling angle
Table 3 gives the magnitude of the steady-state orientation
factor Sss at 22.5 V/cm, which is seen to be lower for the
supercoiled than for the relaxed form for both X174 (cf.
Fig. 6) and pIBI DNA. This could be due to differences in
degree of molecular field alignment between the two topo-
logical forms, but here we will investigate the possibility
that the difference is related to the tertiary structure of the
supercoil. Supercoiling will affect the orientation of the
DNA helix with respect to the long axis of the impaled and
field-aligned molecules (Fig. 7): in the supercoiled species
the helix axis in the super-coil turns will be less aligned with
the long axis compared to the corresponding DNA segments
in the nicked circle. This reduces the net orientation of the
helix axis in the supercoil with respect to the field direction
(S), as measured by LD.
In addition, the long axis is not perfectly field aligned in
either circle form. For the nicked circle this lack of perfect
axis alignment is quantified by the S value (Eq. 2) through
the angle  (Fig. 7 a). For the supercoiled species (Fig. 7 b),
both the supercoiling and the lack of perfect long-axis
orientation contribute to S, and these two effects factorize
because of the cylindrical symmetry of the field (Schellman
and Jensen, 1987). Therefore the total orientation factor in
Eq. 3 is given by S  StertSaxis, where the two new orien-
tation factors both take the form in Eq. 2. In Saxis,  in Eq.
2 is replaced by the angle  between the supercoil long axis
and the field direction (Fig. 7 b), and the averaging in Eq. 2
is over all molecules. The orientation factor Stert reflects the
tertiary structure through the angle  between the local helix
axis and the long axis (Fig. 7 b), and the average is over the
whole contour. Stert for the supercoiled species can be cal-
culated from S if it is assumed that Saxis is the same for
nicked and supercoiled circles, a hypothesis that cannot be
tested here. Under this assumption, the ratio S(supercoil)/
S(nicked) will be equal to the ratio Stert(supercoil)/Stert-
(nicked). Even for the nicked circle, Stert is not exactly 1,
because not all helix segments can be along the long axis of
the aligned molecule, because a circular molecule has to
have a turn somewhere. This “end” effect is also present in
the supercoiled species, and is roughly corrected for by the
division of Stert(supercoil) by Stert(nicked).
From the steady-state level at 22.5 V/cm (Table 3), one
obtains a “corrected” Stert  0.45  0.05 for pIBI and
0.64  0.05 for X174, corresponding to  values of 37 
2° for pIBI and 30  3° for X174. This is in good
agreement with literature values for the supercoiling angle 	
(	  90  ; see Fig. 1 of Vologodskii and Cozzarelli,
1994), for which several other techniques give a value of
60° for supercoiled DNA independently of the superhelical
density (Vologodskii and Cozzarelli, 1994).
The plectonemic structure given in Fig. 7 b is clearly an
oversimplification, because electron microscopy images of-
ten show branched supercoiled structures (Bednar et al.,
1994), and the extent to which these branches are pulled out
by the electric forces applied here to pierce the molecules is
not known. In fact, for the X174 plasmid, a field strength
of 22.5 V/cm corresponds to a total electric force of 0.2 pN
on the molecule (assuming an effective DNA charge of 0.05
electron charges per phosphate; see below). Single-mole-
cule experiments (Strick et al., 1996) indicate that this is
close to the force (0.3 pN) needed to start to rearrange
plectonemic structures in a supercoiled DNA with a super-
coiling density of 0.05, close to the value of the present
DNA samples. Thus it must be kept in mind that the
distribution of the supercoiling may be perturbed by the
stretching force applied in the present experiments.
Electrophoretic orientation in pulsed fields
The pulsed-field type of velocity experiments presented in
Fig. 4 was also performed with LD for the supercoiled
X174 species. Fig. 10 a shows how the LD time response
for T  1 s varies with the duration of the backward pulse.
(The corresponding velocity data are in Fig. 4 a.) For a T
of less than 1 ms, the response is indistinguishable from the
constant field (CF) response. For longer backward pulses,
the LD response acquires a ripple, but the envelope formed
by the peak values retains the slowly growing profile that is
characteristic of the CF response. The rate of growth is
increasingly slower, however, as the backward pulse dura-
tion increases, and the envelope amplitude decreases to the
extent that above T  20 ms the slow growth is lost and
the envelope is constant in time, but is still with a ripple.
If the amplitude of the envelope (at t  20 s, normalized
to the CF response) is plotted versus the logarithm of T
(Fig. 10 b), there is a clear correlation with the onset,
growth, and saturation of the (normalized) electrophoretic
velocity (from Fig. 4 a). This is in accordance with the
proposed impalement mechanism. Below T  1 ms the
molecules remain tightly impaled on the gel fibers, as evi-
denced by orientation not being affected by the back-pulses.
Longer back-pulses lead to 1) some transient orientation
relaxation, which explains the ripple, and to 2) unhooking
(Fig. 4 a), which explains why the process of trapping
during the net forward motion is less efficient, as reflected
in the slower growth of the orientation envelope (Fig. 10 a).
Above T  50 ms, the molecules migrate essentially
without trapping, because (for T  1 s) the circles reach
the plateau velocity at this value of T (Fig. 4 a). The
constant level of orientation that remains above T  20 ms
TABLE 3 Steady-state orientation at 22.5 V/cm*
Sss X174 pIBI
Supercoil 0.108  0.003 0.014  0.003
Nicked 0.170  0.003 0.031  0.003
*From Figs. 5 and 6.
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is therefore ascribed to a migrative mechanism (Åkerman,
manuscript submitted for publication).
A linear plot of the normalized LD amplitude versus
pulse time (Fig. 10 c) gives a more precise value of the
critical backward time of T  1.3  0.2 ms (for two
different T values), below which the response is indistin-
guishable from the CF response. This critical time repre-
sents the (backward) migration time that is necessary for
unhooking, because the CF response is expected if no mol-
ecules are detrapped during the reverse phase, and more and
more molecules are becoming trapped with each pulse cycle.
Furthermore, the experiments with constant T (velocity
data are in Fig. 4 b) was performed with LD. For T fixed
at 0.3 s (Fig. 11 a), T  0.3 s gives rise to a constant
response at the same level as observed for long enough T
in Fig. 10 a. For longer forward pulses (T  1 s, 2 s, and
5 s), a sawtooth pattern is observed that reflects the slow
growth during each field pulse, with larger amplitude as T
increases and more molecules become impaled during each
pulse. At each field reversal the orientation drops to a
minimum that corresponds to the constant level observed
with T  0.3 s.
This experiment was repeated with different values of
T, and the maximum and minimum amplitudes are plotted
versus T in Fig. 11 b. The value of T at which the saw
teeth disappear, i.e., when the curves for the maximum and
minimum converge, can be taken as the critical forward
pulse time for hooking, because only for forward pulses
longer than this value is the slow growth observed. In
general, the point of convergence between the two curves
depends on the chosen value of T (the shorter the T, the
earlier the convergence point, as illustrated by the curves for
T  5 ms). However, the curves are very similar for
different T values above 50 ms, which indicates the exis-
tence of a well-defined critical T. The data for T equal to
0.2 and 0.3 s agree on a critical forward pulse time of 180
40 ms, which is comparable to the value of 0.5 s obtained
from velocity experiments (Fig. 4 b).
Characterization of the traps
In the impalement model the energy depth (Utrap) of a trap
is given by the length of the protruding gel fiber (lf) accord-
ing to
Utrap qNElf (4)
where q is the effective charge per base pair, N is the
number of base pairs, and E is the electric field strength.
FIGURE 10 (a) Orientation response of supercoiled X174 DNA in
constant field (CF) or field inversion gel electrophoresis with different
backward pulse times T (indicated), at a forward pulse time of T  1 s.
LD responses were normalized at t 20 s with respect to the CF-response.
Polyacrylamide gel, 22.5 V/cm. (b) Plot of normalized LD amplitude at
20 s (open symbols) and normalized net electrophoretic velocity (closed
symbols) versus logarithm of T. The LD data are from the envelope
connecting the peak values (dashed) in a. The velocity data are from Fig.
4 a, and are normalized with respect to the value at T  100 ms. (c) Plot
of normalized LD amplitude versus T, for T  1 s (E) and T  0.2 s
(‚).
FIGURE 11 (a) Orientation response of
supercoiled X174 DNA in field inver-
sion gel electrophoresis with different for-
ward pulse times T (indicated), at a back-
ward pulse time of T  0.3 s. (b) Plot of
maximum (open symbols) and minimum
(closed symbols) LD amplitudes versus
T, at different T: , ƒ, 5 ms; ‚, 100 ms;
E, F, 200 ms;, 300 ms. Polyacrylamide
gel, 22.5 V/cm.
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The effective fiber length in the trap (lf) can be estimated
from the critical unhooking time, if the velocity of the
circles during the backward pulse is known. The plateau
velocity in Fig. 4 corresponds to an electrophoretic mobility
of 3.0  105 cm2V1 s1 at 22.5 V/cm. This is a factor of
10 lower than the free solution value for double-stranded
DNA (Åkerman, 1996a), which indicates a substantial ad-
ditional friction from the matrix (even without trapping), as
might be expected from the size of these molecules being
comparatively large for electrophoresis in polyacrylamide
gels. The plateau value was therefore used as the velocity of
the DNA on its way off the hook. The resulting fiber length
lf is 8.7 or 33 nm, depending on whether the critical back-
ward pulse time is taken from the LD (1.3 ms; Fig. 10 b) or
the velocity (5 ms; Fig. 4 a) experiments. These distances
are surprisingly long if they are to represent the length of a
gel fiber that is stiff enough to be capable of piercing and
holding a DNA circle, and it is noteworthy that they would
be even longer if the effective mobility in the gel were
closer to the free solution value.
Such fiber lengths are necessary, however, for impale-
ment to be able to trap DNA molecules of the sizes used
here. This can be seen by comparing Utrap in Eq. 4 with kT,
the thermal energy available for Brownian escape. The
impaling force depends on the effective value for the charge
per DNA phosphate, which is under debate. Smith and
Bendich (1990) obtained a value of 0.1 electron charges per
base pair from stretching circular molecules that were im-
paled on the surface of an agarose gel, a situation similar to
the one proposed here to occur inside the polyacrylamide
gel. Conventional electrophoretic measurements in solution
indicate a value of 0.5 (Schellman and Stigter, 1977), and
Stigter (1991) has argued that the low value obtained with
tethered DNA is partly due to hydrodynamic flows that
counteract the stretching electric force. In our case the DNA
is effectively tethered too, but the hydrodynamic flows may
well be shielded if the DNA molecules are inside the gel
(Stigter, 1991), although Gosnell and Zimm (1993) have
obtained a similarly low value of 0.05 for molecules that
migrate inside an agarose gel.
At E  22.5 V/cm, a charge value of q  0.05 per
phosphate gives U/kT  0.4 and 1.5, with lf  8.7 and 33
nm, respectively, whereas if q  0.5, a fiber length lf  8.7
nm gives U/kT  4.0. The estimated fiber lengths in the
traps are thus consistent with field-induced arrest of the
molecules, but the fibers could not be much shorter than 10
nm if the lower effective charge is a reality. It is therefore
interesting that at fields not much lower than 22.5 V/cm, the
zones do move, albeit with a considerable broadening (Åk-
erman, manuscript submitted for publication), as expected if
the trapping force is insufficient, to impale the molecules
permanently.
It is also possible to calculate a characteristic distance
from the minimum forward pulse time that causes trapping,
which on the basis of the value 180 ms obtained from the
LD results (Fig. 11 b), becomes 1.1 m. This value should
represent some average distance to the first trap and sug-
gests that the molecules have to traverse several cavities
before becoming impaled, because the cavity sizes are on
the order of 0.1 m (Hsu and Cohen, 1984; Hecht et al.,
1985).
Trapping by impalement in agarose gels
Trapping of nicked circular DNA is well established in
agarose gels, and impalement was proposed as the trapping
mechanism (Mickel et al., 1977), and this model was sup-
ported by the release of the circles by reversing (Levene and
Zimm, 1987) or turning off (Serwer and Hayes, 1987) the
field. A few of the LD and velocity experiments that proved
valuable in evaluating the trapping mechanism in polyacryl-
amide gels were therefore repeated in agarose, using nicked
Col1-plasmid DNA (10.9 kb).
In 1% agarose, the velocity in FIGE (15 V/cm) exhibited
dependencies on the duration of backward and forward
pulses similar to those in polyacrylamide (Fig. 4). For a
constant forward pulse T  1 s (Fig. 12 a), the circles are
detrapped by backward pulses longer than 2 ms. For a
constant backward pulse T  0.1 s (Fig. 12 b), the velocity
decreases with increasing forward pulse duration in the
range of tens of seconds, in a manner similar to that of
polyacrylamide.
Fig. 13 shows the LD response in agarose for three
different DNA concentrations. At the two lower DNA con-
centrations (25 and 116 M base), the LD response exhibits
similar kinetics and degree of steady-state orientation. The
dominating source of uncertainty in S is the isotropic ab-
sorbance (Aiso in Eq. 3), and the difference in steady-state
level between the two lower concentrations is comparable to
the variation observed for linear DNA between different
gels (Åkerman et al., 1989). In contrast, at the highest
concentration (230 M base), the growth is significantly
slower in its approach of the steady-state level, which is the
same, however. These observations indicate that below a
certain DNA concentration, the rate of orientation growth
reflects the trapping probability of the individual molecules,
FIGURE 12 Electrophoretic velocity in 1% agarose gel of nicked circu-
lar ColE1 DNA in FIGE, as a function (a) of backward pulse time T at a
constant forward pulse time T  1 s, and (b) of forward pulse time T at
a constant backward pulse time T  100 ms.
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but that at the highest DNA concentration, there is a lack of
trapping sites, so that on average, the molecules have to
migrate further to find a suitable trap.
We note first that there is no orientation overshoot, in
contrast to observation of the linear form under the same
conditions (Magnusdottir et al., 1994), again indicating dif-
ferent orientation mechanisms. As in polyacrylamide, the
LD shows that (at the low DNA concentrations) the DNA
orientation (Fig. 13) builds up on the same time scale as the
velocity falls off as a function of T (Fig. 12 b), which
establishes the trapping as the source of orientation. The
final degree of orientation is the same at all concentrations,
which is expected if all molecules finally become impaled.
It is noticed that the degree of orientation for the circle (S
0.09) is higher than for the linear form (S  0.04; Magnus-
dottir et al., 1994) and for a linear molecule of approxi-
mately half the contour length (S  0.01; Jonsson et al.,
1988), under the same conditions.
The similarity in the results from polyacrylamide and
agarose gels is so striking, that if impalement is the trapping
mechanism in one matrix, it is also likely to be the case in
the other. It can be argued that impalement seems more
likely in agarose with its thicker and more rigid fibers, but
the present results strongly indicate that impalement also
occurs in polyacrylamide. An interesting difference be-
tween the two systems is the lack of trapping of the super-
coiled species in agarose, even at 22.5 V/cm (not shown).
According to the data of Bednar et al. (1994), the holes in
the supercoiled structure may well be too narrow to be
penetrated by the agarose gel fibers, which have a diameter
of 30–90 Å (Djabourov et al., 1989; Dormoy and Candau,
1991), compared to a few Å in polyacrylamide (Hecht et al.,
1985).
Relevance for the separation of nonlinear
DNA structures
The results in Fig. 4 b demonstrate that pulsed fields of high
strengths can be used to modulate the separation of different
topological forms of DNA, a possibility for separation en-
hancement that remains to be evaluated with more intricate
DNA structures, such as knots. The molecules used here are
large compared to what is usually separated in polyacryl-
amide gels. In fact, knotted molecules of similar sizes (in
terms of bp) are usually analyzed in agarose (Dean et al.,
1985; Stasiak et al., 1996), but the necessary separation
times are extensive. The present results show that molecules
of these sizes are capable of migration as sharp zones in
polyacrylamide gels if the field is pulsed. Furthermore, with
a separation principle based on electrophoretic trapping, it
should be possible to enhance separation rates by increasing
the field strength, because the underlying impalement effect
will only be enhanced by the stronger force. This is in
contrast to the case in which separation is based on migra-
tion, because in conventional electrophoresis an increased
field tends to make the separation poorer (cf. Norde´n et al.,
1991). Finally, it is learned that agarose gel fibers are rather
blunt as impalement tools, compared to the fibers in the
polyacrylamide gel, which therefore may be a more optimal
choice of matrix for attempts to separate knots by impale-
ment in pulsed fields.
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